Many studies on sleep deprivation effects lack data regarding the recovery period. We investigated the 2-day homeostatic and circadian sleep recovery response to 24 h of total sleep deprivation (TSD) induced by brief rotation of an activity wheel. Eight mice were implanted with telemetry transmitters (DSI F40-EET) that recorded simultaneously their electroencephalography (EEG), locomotor activity and temperature during 24 h of baseline (BSL), TSD and 2 days of recovery (D1 and D2). In a second experiment, two groups of five non-implanted mice underwent TSD or ad libitum sleep, after which they were killed, adrenal glands were weighed and blood was collected for analysis of corticosterone concentration. During TSD mice were awake at least 97% of the time, with a consecutive sleep rebound during D1 that persisted during D2. This was characterized by increases of non-rapid eye movement (NREM) sleep (44.2 AE 6.9% for D1 and 43.0 AE 7.7% for D2 versus 33.8 AE 9.2% for BSL) and the relative delta band power (179.2 AE 34.4% for D1 and 81.9 AE 11.2% for D2). Greater NREM and REM sleep amounts were observed during the 'light' periods. Temperature and locomotor activity characteristics were unchanged during D1 and D2 versus BSL. In non-implanted mice, corticosterone levels as well as adrenal gland and overall body weights did not differ between TSD and ad libitum sleep groups. In conclusion, 24 h of TSD in an activity wheel without stress responses influence homeostatic sleep regulation with no effect on the circadian regulation over at least 2 days of recovery in mice.
Many studies on sleep deprivation effects lack data regarding the recovery period. We investigated the 2-day homeostatic and circadian sleep recovery response to 24 h of total sleep deprivation (TSD) induced by brief rotation of an activity wheel. Eight mice were implanted with telemetry transmitters (DSI F40-EET) that recorded simultaneously their electroencephalography (EEG), locomotor activity and temperature during 24 h of baseline (BSL), TSD and 2 days of recovery (D1 and D2). In a second experiment, two groups of five non-implanted mice underwent TSD or ad libitum sleep, after which they were killed, adrenal glands were weighed and blood was collected for analysis of corticosterone concentration. During TSD mice were awake at least 97% of the time, with a consecutive sleep rebound during D1 that persisted during D2. This was characterized by increases of non-rapid eye movement (NREM) sleep (44.2 AE 6.9% for D1 and 43.0 AE 7.7% for D2 versus 33.8 AE 9.2% for BSL) and the relative delta band power (179.2 AE 34.4% for D1 and 81.9 AE 11.2% for D2). Greater NREM and REM sleep amounts were observed during the 'light' periods. Temperature and locomotor activity characteristics were unchanged during D1 and D2 versus BSL. In non-implanted mice, corticosterone levels as well as adrenal gland and overall body weights did not differ between TSD and ad libitum sleep groups. In conclusion, 24 h of TSD in an activity wheel without stress responses influence homeostatic sleep regulation with no effect on the circadian regulation over at least 2 days of recovery in mice.
IN TROD UCTI ON
Sleep disorders and sleep loss have become a public health priority due to their important social and economic consequences (Rajaratnam and Arendt, 2001) . Sleep deprivation can broadly affect mood, attention, memory, somnolence and alertness (Banks and Dinges, 2007; Philip and Akerstedt, 2006; Rajaratnam and Arendt, 2001 ) in addition to serious consequences on health, including cognitive performance, metabolic/hormonal and inflammatory responses and cardiovascular disorders (Arnal et al., 2015; Sauvet et al., 2014; Van Cauter et al., 2008; Wright et al., 2015) .
Importantly, the existing studies on sleep deprivation's effects on sleep architecture or cerebral structures in rodents have focused upon the events during or immediately at the end of sleep deprivation, or in the first hours following the end of deprivation, while the long-term effects have been less described (Davis et al., 2015; Ehlen et al., 2013; Huber et al., 2000; Leemburg et al., 2010; Schwierin et al., 1999; Winters et al., 2011) . Schwierin et al. (1999) demonstrated that 24 h of sleep deprivation (by the gentle handling method) has prolonged effects on sleep and sleep encephalogram (EEG) in the rat, and that at least 4 days must elapse before the variables revert to baseline. Winters et al. (2011) have investigated the effects of short-term sleep deprivation (8 h) on basic neuronal properties in the mouse prefrontal cortex. They described an increase of non-rapid eye movement (NREM) sleep (46% of baseline) and a moderate rebound in both REM and NREM sleep during the first 5 h of the 18 h sleep recovery. Ehlen et al. (2013) assessed sleep homeostasis through period-amplitude analysis of the waking EEG across 24 h of sleep deprivation followed by 24 h of sleep recovery in mice. They showed that the increase in wave incidence (2-6 Hz) during 24 h of sleep deprivation is correlated significantly and inversely with the increase in NREM slow wave activity (expressed as percentage change over baseline average) occurring throughout the 6 h of recovery sleep that followed the deprivation. Recently, Davis et al. (2015) have shown NREM and REM sleep rebounds from Zeigeber time (ZT) 10-20 following sleep deprivation between ZT0-10 in wildtype mice, and absence of rebounds in mice lacking the neurone-specific interleukin-1 receptor accessory protein.
As sleep deprivation effects are not only short-term but also long-term (by persisting for more than a few hours), it is therefore important to assess 24-h sleep deprivation effects on the homeostatic and circadian sleep patterns during the days following the end of sleep deprivation, in order to provide a comprehensive overview of the sleep architecture during recovery. This overview could allow improvement of recovery in order to limit the long-term consequences of sleep deprivation for health.
The aim of our study was to determine the homeostatic sleep and circadian rhythm response during 24 h of total sleep deprivation (TSD) followed by 48 h of recovery in mice. The homeostatic sleep was assessed through EEG recordings and the circadian rhythm response using locomotor activity and temperature recordings. We also investigate if the activity wheel method for TSD, documented previously in rats by Christie et al. (2008) , induced a stress response through determination of corticosterone concentration and body and adrenal weights.
METHODS

Animals
Male C57BL/6 mice were purchased from Janvier Laboratory (Le Genest-St-Isle, France). They were aged from 5 (at arrival) to 12 weeks (at the end of experiments), and weighed 20-25 g during the course of the experiments. The experiments were performed in accordance with French national law (according to European Directive 2010/63/EU) and were approved by the institutional ethics committee for animal experimentation (Protocol CEA_Sauvet_2014) . Animals arrived at the laboratory 1 week before the onset of experiments to acclimatize to the environment, and were housed in individual cages under constant environmental conditions [21 AE 2°C, 12-h light/12-h dark with lights on from 07:00 to 19:00 hours (ZT0-ZT12)], with ad libitum access to food and water. Mice were distributed randomly into experimental protocols and were weighed every day during the experiment. We investigated homeostatic sleep and circadian rhythm during TSD and 2 days of recovery in eight mice, and also whether 24 h TSD in an activity wheel induced stress responses in 10 mice.
Protocols
Assessment of the homeostatic sleep and the circadian rhythm Eight mice were implanted with a telemetry transmitter (TL11M2-F20-EET; Data Sciences International, St Paul, MN, USA) to record EEG, locomotor activity and body temperature continuously. This was employed to determine EEG characteristics during the 24 h of baseline (BSL), during the 24 h of TSD in the activity wheel, and finally during the consecutive 2 days of recovery (D1, D2) in their cages.
Assessment of the stress responses
Five non-implanted mice were killed by decapitation at the end of the 24-h TSD (11:00 hours, ZT4). A second group of five mice, which were not sleep-deprived and were housed in the same room during all experiments, were used as a control cage and killed at the same time as the TSD mice. The adrenal glands were removed via a midline abdominal incision, were cleared of adipose tissue and weighed (Suchecki et al., 2003) . Adrenal hypertrophy in rodents has been described as a potentially negative physiological adaptation to the stress condition of chronic and intensive exercise (Chennaoui et al., 2002) . Trunk blood (2 mL) was collected in heparinized vials and centrifuged (Hettich EBA 12R) at 1200 g for 15 min and at 4°C in order to separate serum for determination of corticosterone concentration (Chennaoui et al., 2002 (Chennaoui et al., , 2015 Curie et al., 2013) . Serum aliquots were frozen and stored at À80°C until the assays were performed.
Telemetry surgical implantation
Mice were implanted surgically 2 weeks before the onset of wheel habituation sessions. For this, we used a surgical procedure that guarantees high-quality recordings in mice, even during physical activity and wheel movements (Sauvet et al., 2014) . Mice were anaesthetized with an intraperitoneal administration of a mixture of ketamine (100 mg kg À1 ) and xylazine (10 mg kg À1 ; Sigma Aldrich, St Louis, MO, USA).
After median sectioning of the skin at the level of the skull and the neck, the telemetric transmitter was implanted in the dorsal position. Two pairs of threads were guided subcutaneously up to the skull. The cranium was cleaned with 10% H 2 O 2 , after which four holes (0.7 mm) were drilled. Two pairs of electrodes were placed in such a way that the first pair was 1 mm from bregma and 3 mm from lambda on each hemisphere and the second pair was 1 mm from bregma and 1 mm from lambda on each hemisphere. Electrodes were fixed to the skull with dental cement, after which the scalp was stitched down again (Vicryl 4/0; Ethicon, Cornelia, GA, USA). Mice were housed individually after surgery; a ª 2017 European Sleep Research Society postoperative analgesic (Rimadyl, 5 mg kg À1 ) was administered subcutaneously immediately after surgery and 6 h later. Subsequently, the mice were allowed to recover from surgery for 15 days. Radio waves from the implant were received via a radar receiver (Physiotel Receiver, model RPC-1; Data Sciences International) placed beneath the cage, and recordings were collected using the Dataquest 4.0 data acquisition software (Data Sciences International).
Total sleep deprivation
Twenty-four hour of TSD was achieved by assaying mice individually in an activity wheel (Lafayette Instruments, Lafayette, IN, USA) composed of a large motorized stainless steel wheel (35.56 cm in diameter) and an internal wheel (20.9 cm in diameter), with free 24-h access to food and water, as described previously and validated in rats (Christie et al., 2008) . Experiments were conducted using the slow rotational movement of the activity wheel (programmed on a schedule of 3 s 'on' at a speed of 3 m/min and 12 s 'off') on the eight implanted male C57BL/6 mice and the five non-implanted mice. Similar parameters have been shown previously to produce greater than 91% wakefulness during a 24-h period of sleep deprivation (SD) in rats (Christie et al., 2008; Sauvet et al., 2014) . Mice were habituated to activity wheel motion initially and progressively for 8 days. For the first 3 days, mice were accustomed to the wheel without motion. Mice were then in motion for two sessions per day at 10:00 and 14:00 hours (15 min for 3 days and 30 min for the last 2 days). The day after wheel habituation sessions, mice were exposed to the 24-h TSD (11:00-11:00, ZT4-4), as described previously (Christie et al., 2008) .
Data analysis
Homeostatic sleep and circadian rhythm EEG signals were analysed using the Somnologica version 3.2 software (Medcare Flaga, Reykjavik, Iceland) . EEG signals sampled at 500 Hz were filtered (0.2-70 Hz bandpass) and analysed in two ways, using visual 10-s epoch (as described previously by McShane et al., 2010) classification of sleep stages (awake/NREM/rapid eye movement (REM) and time frequency fast-Fourier transform (FFT) analysis (10-s periods with a Hanning window). The delta (0.5-4.5 Hz) and theta (6.0-9.0 Hz) power bands were calculated by integrating the spectrogram between frequencies of interest. The NREM delta power percentage was assessed by calculating the power (FFT) per 10-s epoch and the average power per hour for NREM sleep epochs. Results for the total time per 24 h and time during lights-on and lights-off for wake, and NREM and REM sleep, were expressed during BSL, TSD and D1 and D2 days of sleep recovery. Results are also expressed in hourly time. Delta (0.5-4 Hz) (in NREM), alpha (8-12 Hz) (in wake) and theta (4.5-8.5 Hz) (in REM) power were expressed hourly and in 24 h.
In order to characterize sleep fragmentation and sleep quality, the average number of bouts and wake duration, NREM and REM sleep was expressed during BSL, TSD and D1 and D2 days of sleep recovery (Baud et al., 2015; McShane et al., 2010) . The number of sleep stage transitions was also expressed.
A circadian rhythm analysis was performed using the Chronos-Fit version 1.06 data analysis software program (Zuther et al., 2009) . This program fits a cosine curve to the measured data points and calculates the midline estimating statistic of rhythm (mesor; a rhythm-adjusted 24-h mean), amplitude (half of peak-to-trough of rhythmic change) and the acrophase (peak time of the rhythm). These EEG and circadian parameters were assessed and expressed during the 24 h of BSL and the 24 h TSD, as well as during the D1 and D2 after TSD.
Corticosterone concentration
Serum samples were assayed in duplicate using commercially available enzyme-linked immunosorbent assay kits for research use (corticosterone high sensitivity, ref. AC-15F1; Immunodiagnostic Systems, Bolden Colliery, UK). The sample assay volume was 100 lL (1/40 dilution). The assay sensitivity was 0.17 ng mL À1 and the intra-and interassay precisions were ≤7.0 and ≤8.2%, respectively.
Statistical analysis
Data are reported as the mean AE standard error of the mean (SD). The polysomnographic parameters were analysed using a one-way analysis of variance (ANOVA) or twoway repeated measure with fixed factors: time of day (i.e. 24 h of sleep recording) and the experimental condition (i.e. BSL, TSD, D1 and D2). The statistical analysis of locomotor activity and temperature was performed using one-way ANOVA. A post-hoc Tukey test was performed when appropriate. The statistical analysis of the stress responses was performed through a non-parametric MannWhitney U-test. Effect size (ES) for ANOVA and MannWhitney U-test were calculated (Lipsey and Wilson, 2000) using the partial eta 2 . Statistica version 10 software (Statistica StatSoft Inc., Tulsa, OK, USA) was used for all data analysis. The cutoff for statistical significance was set to P = 0.05.
RESULTS
Polysomnographic EEG analysis
During 24 h of TSD compared to BSL (1.40 AE 0.90% versus 33.80 AE 9.20% and 0.00 AE 0.00% versus 4.80 AE 1.70%, P < 0.05 for both. During TSD, the hourly wake time, NREM and REM sleep were significantly different compared to BSL (Fig. 1a) (F (7,18) = 78.6, P < 0.001, F (7,18) = 58.1, P < 0.001 and F (7,18) = 14.9, P < 0.01). The total time per 24 h and during lights-on (07:00-19:00 hours) and lights-off (19:00-07:00 hours) of wake, NREM and REM sleep was significantly different compared to BSL (Fig. 1b) .
During the 2 days of recovery (D1 and D2) Total time, time during lights-on and lights-off and hourly time of sleep stages. During D1 and D2, the total sleep duration was significantly higher compared to BSL duration (734.53 AE 36.58 min and 694.60 AE 45.44 min versus 560.33 AE 103.23 min, P < 0.002 and P < 0.02 for D1 and D2, respectively).
During D1 and D2, the hourly time, the total time per 24 h and time during lights-on of wake were significantly lower compared to BSL (P < 0.05 for all) (Fig. 1a,b) .
During D1 and D2, the hourly time, the total time per 24 h and time during lights-on of NREM sleep were significantly higher compared to BSL (P < 0.05 for all) (Fig. 1a,b) (when expressed as percentage of total sleep time: 44.2 AE 6.9% during D1 and 43.0 AE 7.7% during D2 versus 33.8 AE 9.2% during BSL).
During D1 and D2, the hourly time, the total time per 24 h and time during lights-on of REM sleep were significantly higher compared to BSL (P < 0.05 for all) (Fig. 1a,b) (when expressed as percentage of total sleep time: 6.9 AE 2.9% during D1 and 5.4 AE 1.6% during D2 versus 4.8 AE 1.7% during BSL).
During D1 and D2, the average duration of bouts of wake was significantly lower compared to BSL (P < 0.01 and P < 0.05, respectively), while that of NREM sleep was higher (P < 0.05 for both) (Fig. 2a) . The average duration of bouts of REM sleep was significantly higher during D1 compared to BSL (P < 0.05) (Fig. 2a) . During D1 and D2, compared to BSL, there were no significant differences in the average number of bouts. The number of sleep stage transitions per hour of sleep was significantly lower during D1 compared to BSL, and the number of wake to NREM sleep transitions was higher during D1 and D2 (P < 0.05 for all) (Fig. 2b ). There were higher REM sleep to wake transitions during D1 (P < 0.05) (Fig. 2b) .
Delta (in NREM), theta (in REM) and alpha (in wake) power (hourly and for 24 h). During D1 and D2, the delta (in NREM) power (hourly and for 24 h) was significantly higher compared to BSL (179.2 AE 34.4% for D1 and 81.9 AE 11.2% for D2) (P < 0.05), F (7,18) = 63.7, P < 0.01. During D1 and D2, the theta (in REM) power (hourly and for 24 h) was significantly higher compared to BSL (P < 0.05), F (7,18) = 21.7, P < 0.001 (Fig. 3a,b) . The alpha (in wake) power was significantly higher during TSD (P < 0.05), F (7,18) = 10.6, P < 0.01. 
Circadian parameters
The body temperature and locomotor activity rhythms during D1 and D2 were not significantly different compared to BSL (Fig. 4a,b) . The three analysed circadian parameters of body temperature and locomotor activity rhythms (mesor, amplitude, acrophase) were not changed significantly during D1 and D2 compared to BSL (P > 0.05 for all parameters; Table 1 ). Effect size for mesor, amplitude and acrophase were, respectively, 0.36; 0.89 and 1.03 for locomotor activity and 1.81, 1.18 and 1.89 for temperature.
Stress parameters
The body and adrenal gland weights (effect size 0.15 and 1.76, respectively) of TSD non-implanted mice and control cage were not statistically different at the end of the 24-h TSD (22.8 AE 1.8 g versus 23.1 AE 2.1 g, 5.9 AE 0.8 mg versus 7.6 AE 1.1 mg, respectively). The ratio of adrenal gland to body weights (effect size 2.75) was similar for the two groups (0.30 AE 0.04% versus 0.25 AE 0.02%, respectively). No significant difference in the levels of corticosterone (effect size 1.50) was found between sleep-deprived (TSD nonimplanted) and control cage mice at the end of the 24-h TSD (92.7 AE 51.4 ng mL À1 versus 32.2 AE 24.5 ng mL À1 );
see Table 2 .
DISCUSSION
In this study we demonstrate that 24 h of TSD could influence the homeostatic sleep regulation without affecting circadian sleep regulation during 2 days of recovery in mice. We also confirmed that brief rotation in an activity wheel seems an effective and non-stressful model for investigating TSD in mice, as shown previously in rats (Christie et al., 2008) . Furthermore, by assessing the efficiency of this model we found that mice were awake 97% of the time during the 24-h TSD. The remaining 3% of 'sleep' time can be explained by the presence of 'microsleep' episodes (lasting several seconds) during TSD which are not avoidable, given the homeostatic sleep pressure created by the increasing sleep debt (Durmer and Dinges, 2005) . Sleep regulation can be explained as a two-process model in which the homeostatic and circadian processes interact (Franken et al., 1991) . In rats, the homeostatic process has been assessed before and during 6 h of sleep deprivation followed by 30 h of sleep recovery using polysomnographic recordings, which determine the amount of NREM and REM sleep (Deboer et al., 2007) . In our study, as described Values are mean AE standard deviation (SD); n = 8. previously during recovery following 14 days of sleep fragmentation in mice (Baud et al., 2015) , we showed that TSD influences the homeostatic sleep pattern during the 48-h recovery period by inducing a sleep rebound that increased the amount of NREM, REM and delta power. This increase, which accompanies the decrease in the number of awakenings, has been proposed to reflect the elevation in homeostatic sleep drive and to be an indirect measure of somnolence (Deboer et al., 2007; Ehlen et al., 2013; Franken et al., 1991; Lancel and Kerkhof, 1989; McKenna et al., 2007; Trachsel et al., 1986) . However, these previous findings were observed mainly during the first hours following the end of TSD, a maximum of 24 h, but not during the following days. Ehlen et al. (2013) have monitored EEG continuously during a 24-h recovery period after TSD in mice using a slowly rotating wheel, and have shown that changes in the wave incidence (2-6 Hz) during TSD are correlated significantly with the two markers of sleep pressure, slow wave activity and NREM sleep latency. In the present study, we show also that the duration and depth of sleep is more important during a particular time in recovery. Indeed, in comparison to baseline, the amount of NREM and REM sleep was significantly higher during lights-on for the 2 recovery days but not during the dark periods. This was not observed for the increase in delta power percentage that persisted throughout all periods of the 2 days of recovery, except from 19:00 to 23:00 hours. This period represents the first 4 h that follow the 'lights off', when locomotor activity is high. The effects of TSD seem to depend upon exposure to light and darkness, indicating that NREM, REM and delta power are elevated by TSD only during the subjects' normal sleep periods. Thus, it appears that if the effects of TSD on homeostatic recovery sleep are only pronounced during the resting period, this could be explained by a strong circadian drive. Nevertheless, in our study, the circadian parameters of locomotor activity and temperature rhythms were not altered by TSD, and no significant differences in amplitude, mesor or acrophase were observed during the 2 days of recovery compared to the baseline. As stated above, sleep regulation is based on a circadian process that interacts with the homeostatic process (Franken et al., 1991) , which can be assessed by recording robust rhythms such as temperature and sleep-wake cycle via actimetry (Ancoli-Israel et al., 2003; Dispersyn et al., 2009 ). In our experiments, the circadian pathway appeared more robust than the homeostatic pathway. It is also possible that the 12:12 light/dark alternation was strong enough to maintain the circadian rhythmicity at the 'appropriate' time. Indeed, circadian rhythms can be masked by environmental synchronizers to which the body is sensitive, independently of the potential desynchronization effect of the signal. Light is a powerful synchronizer of the circadian clock that can also induce masking effects (Challet, 2007) . Light can thus act as a synchronizer that adjusts the temporal organization of the endogenous rhythm by maintaining synchronization of the rhythm that would normally be disturbed in constant darkness (Muindi et al., 2014) . More experiments need to be performed in constant darkness in order to determine if the circadian process is strong enough by itself to counteract the effects of TSD, or if it is light that helps to maintain the circadian signals. We must also consider that a same-duration TSD in different lighting conditions exposure during or after the deprivation (i.e. constant light or constant darkness) will probably result in different effects on the homeostatic sleep rebound. Indeed, exposure to constant light could possibly result in more sleep homeostatic rebound, while constant darkness could decrease this rebound. Therefore, more experiments also need to be made to determine the effects of the exposure to different light conditions on the homeostatic process. A rebound of NREM and REM that occurs only during the light resting period that persists for more than several hours after TSD indicates that light acted as an important synchronizer, and that the rebound is deeply dependent upon the circadian phase. There is a clear circadian influence on the recovery processes, with the circadian pathway acting as a robust marker that is less disturbed by TSD than the homeostatic process (Lancel and Kerkhof, 1989 ). It appears that the circadian predisposition of mice to be active in the dark and to rest during the day prevents the need for sleep induced by TSD, creating a two-step sleep rebound, with one step immediately at the end of the TSD and the second step occurring later (during the continuing light expositions of the recovery). These results should be taken into account when studies are performed during the recovery period of sleep deprivation. Indeed, physiological, neuronal or behavioural responses may be different depending upon when they are performed and upon the amount of light exposure.
In conclusion, we have shown that TSD influences the homeostatic sleep architecture during 2 days of recovery and particularly during the light periods of the recovery in mice. In addition, sleep rebound occurs only during the appropriate period of sleep that correlates with the usual circadian predisposition, and persists throughout the whole recovery period. This study will open perspectives for the study of physiological changes and sleep following sleep deprivation, in order to limit the long-term consequences on health and performance.
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